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NOTATION

total cross-sectional area
Young's modulus

total deflection of middle of column from straight line;
F=Y(L/2) + ep

moment of inertia

length of column

rotational specd of flywheel in rpm

total axial force

max. total axial force attained during loading process
2 2

Eulevload; Py = T°EA/(L/p)

coordinate along axis of column

total defllection at station X from initial position of column

velocity of sound

loading head velocity

eccentricity, initial deviation of middle of column from straight
linc as a iraction of »p

non-dimcnsional form ot F 3 = F/p
column thickness

slende-nese vatio; s = Lfp

time

time elapsed until P q was attained during loading process
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o
max

NOTATION (Cont'd)

6
dynamic similarity number; Q = WB(as/c)e(p/L)
load factor; Q = P/PE

maximum val?e of load factor attained during loading process;
a = P P

max max’ " E

strain in column

average strain in column due to P

midpoint bending strain due to bending of column

Buler strain; eg = TTE/(L/p)2

displacement of upper column end

displacement of upper column end when Pmax is attained during

loading process
radius of gyration; p = h/q/S

stress in column

angle of flywheel covered by canm

non-dimensional displacement of upper column end; ¢ = ct/LeE

rotational speed of flywheel in sec”t; v = N/60

c, Cl, 02, CS’ Ch’ C5, C6, Xy ¥y ¥, 8s defined in the Appendix
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INTRODUCTION

The purpose of this paper is to present experimentel results of
dynamic buckling tests of columns in which plastic deformation was ex-
pected to occur. To obtain a comparison with the tests carried out at
the Polytechnic Institute of Brooklyn, the present tests were performed
in the same range of the dynamic similarity number as those in Brooklyn;
however the similarity numbers were obtained with shorter columns and
higher loading velocities to accomodate shorter columns and to provide
more rlgldity and reliability. As a consequence many components of the
mechanical part and nearly the whole electrical part of the machine have

been redesigned and new me “hods in recording were used.
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I. ALTERATIONS OF THE TEST MACHINE-MECHANICAL PART

When the machine was received from Brooklyn, it was in a bad working
condition. It was first restored to its original state. A few tests
however showed that higher requirements had to be met. Above all cer-
tain parts such as the plunger-spacer assembly and the synchronization
mechanism had to be less susceptible to fallure. It alsc turned out
that there was a lack of rigidity of the parts carrying the lower knife
edge. Another requirement was the increase of head velocity to about
four times the head velocity used in previous tests. Furthermore a
load transducer had to be built to allow load measurements when the
yield limit of the columns was exceeded and strain geges on the column
would not be applicable. Thus many components of the machine were

gradually altered and redesigned before the test series were started.

1. PLUNGER-SPACER ASSEMBLY

The spacer has been only slightly changed in its dimensions. The
connection to the solenoids by means of stiff wiree screwed into the
spacer turned out to be unreliable. BSubsequently a steel strip was used
which was fixed to the spacer by three rivets (see Fig. 1). The solenoid
armetures occasionally locked because of their looseness when pulled out
of the solenoids. A smooth motion was obtained later through an axle
fixed to the armatures and passing through the stationary part of the
core. At the same time a rubber stop was provided. In the later tests
the system proved to be very reliable even when it was operating at the

highest speeds.

The upper plunger was not changed. The lower plunger was changed
first to accomodate the load transducer in order to save space. For
this reason 1t had to be widened considerably. Unfortunately it turned
out later that the location of' the load transduccr at the top of the
column was disadvantageous as far as noise @s concerned. It was moved
to the lower end of the column and replaced ﬁy a rigid plunger of the

same outside dimensions (see Fig. 3).
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2. BOTTOM PIECE (Fig. L), CLAMPING PLATES (Fig. 5)

Measurements showed that the main screw could never be used alone
as a rigid support of the lower knife edge. In certain positions it was
quite loose and could easily be moved laterally. For this reason a large,
heavy bottom plece was provided. It was to fit accurately between the
two vertical plates, its length being Jjust a little less than theilr width
so0 that it could be very rigidly clamped by two front plates. In this
way the main screw served essentially only the purpose of raising and
lowering the bottom piece and of taking over a small pert of the. load.
The transducer unit was then mounted in the bottom plece by a press fit.
It should be mentioned that despite the rigidness and the heaviness of
the bottom piece a slight movement could be noted later as a function
of the load. Because of the bottom piece the machine could not accomo-

date columns in excess of O 3/W in. length.

3. END PIECES (Fig. 2)

The end pieces were made as small as possible in order to reduce
inertial effects. Relatively large screws with fine pitch (1/4" - 28)
allowed rigid clamping on the columns and accurate setting of the
eccentricily. The inside was ground for proper contact with the columns.
The outside grooves (comterparts of the knife edges) were ground also
alter the whole plece had been hardened. BSpecial attention was given
to the inner radii as they turned out to be critical locations as far

as cracks are concerned.

. LOAD TRANSDUCER UNIT (Fig. G)

A load transducer built in the test machine became necessary when
tests involving plastic deformation of the columns were planned. The
load transducer unit subsequently designed consists essentially of an
ouler housing which in turn consists of two parts sliding in each other
and an inside short lengih of stecl tubing provided with two strain
gages . OSpecial provisions were made for the arrangement of the leads.
As a small preload is necessary to Keep the column in place before the

test, a helical spring was built in such a way that the preload did not




exceed 6 1bs. Two strain gages mounted apart from the load transducer

unlt were used as dummy gages.

A very important requirement for the transducer was that its de-
formation relative to the deformation of the column should be small,
say smaller than 5%. Calculation of the deformations showed that the
tube shortened by 1.95% of the shortening of a straight column 8.5 1in.
long; with other columns the corresponding values were: 2.26% with a
7.5 in. column, 2.61% with a 6.5 in. column and 3.08¢ with a 5.5 in.
column. All these values are well within the margin of the requirements
egspecinlly since lateral deflection of the column was ignored. This type
of load transducer turned out to be sensitive enough if used with high

amplifier galn, and at the same time it was very reliable. ILoad trans-
ducers of the inductive type were investigated earlier and were found to

be less suitable. |

5. DEFLECTION CANTILEVER (Fig. 7)

To determine thc head velocity, the displacement of the column head
had to be measured. A cantilever of the type used in earlier tests at
Brooklyn Polytechnic Institute seemed to be most promising. The in-
creased head velocity however caused some difficulties with a long
cantilever as bending vibrations were generated. Subsequently a ne&
cantilever was designed consisting of a rather stiff stainless steel
plate three and one-halfl inches long. It was preloaded so that proper
following of the knife edge on the lower plunger was insured. Strain
gages were attached as close to the root as possible. The whole unit
was then screwed rigidly on the sides of the two vertical plates of the
machine. In addition the U-plecec holding the cantilever beam was clamped
by wedges against the vertical plates to eliminate all vibrations of that
part.




II. ALTERATIONS OF THE TEST MACHINE-ELECTRICAL PART

1. SYNCHRONIZATION MECHANISM (Fig. 8)

The synchronization mechanism represented the most difficult part
in the redesign of the test machine as the head velocity in our tests
was increased by roughly a factor of four over that of previous tests.
A typical test of the new program was of L.5 msec duration and thus the
flywheel had to make one revolution in 27 msec. Hence there were 22.5
msec left for the mechanism to actuate the spacer in or out, respectively.
The following actions had to be controlled by the synchronization
mechanism:

(a) pull the spacer in as soon as possible after the cam has passed
the lower plunger;

(b) keep the spacer in the engaged position until the loading
process has been completed; then

(e} pull the spacer back so that no further loading and hammering

of the column can take place.

As the whole process could be divided into four time periods, a
contact wheel was designed consisting essentially of an insulating
material with a quarter sector of metal rotating at a quarter speed of
the flywheel. Four contact brushes were provided around the periphery
of the wheel at various intervals. A fifth contact brush served the

osclilloscope triggering system.

The sequence of events in the loading process then was as follows:

(a) 1in the first time period the eircuiltry had to be closed after
the operator pushed the load-button. This could happen at any time
during & revolution of the rlywheel;

(b) the second time period started at the moment when the flywheel
cam passed the lower plunger. Then the IN solenoid was energized so
that it pulled the spacer between the upper and lower plungers. On the
next sweep of the cam a uniform displacement with respect to time was
imposed on the column head by the cam. The spacer was kept in the
engaged position until the loading process was completed.




(¢) the third time period began immediately after the flywheel cam
passed the lower plunger, the OUT solenoild was energized and the spacer (
was retracted. »
(d) at the beginning of the fourth time period the circuitry was
opened so that no further action could take place. The circuitry

would not close agaln unless the operator pushed a special ready-button.

In order to reduce electronic noise 1n the recording equipment
the voltage of the synchronization mechanism had to be kept as low as
possible; on the other hand high operating speed required high voltage
for the solenoids. Therefore a step transformer was inserted which had

output voltages from 100v up to 200v in steps of 20v allowing an optimal

setting. Several condensers were provided in order to reduce electronic

noise.

A full explanation of the functioning of the synchronization mech-
anism is too tedious to be given here. However, the functioning of the

mechanism can be understood from the circuitry diagram of Fig. 8.

2, TINSTRUMENTATION FOR RECORDING THE DATA (Fig. 9)

Preliminary test records were made using a CEC Recording Oscillo-
graph (Galvanometer type). A problem arose in that the chart speed
could not be increased sufficiently. Other considerations such as time
and cost of such chart recording led to the choice of a dual-beam DuMont
Oscilloscope with bullt-In trigger together with a Falrchild Polaroid

Camera.

In the preliminary test series load and column head displacement
were recorded. Later as the speed of the machine and thus the column
head velocity was theoretically kept constant at a known value one trace
was used for the column midpoint bending strain and the other for the
load recording. In each case the signals came from strain gage bridges
supplied by 10 volts DC from car batlerles. They were fed into a Sanborn
Preamplifier, Sanborn Amplif'ier and from there into the oscilloscope.

All the leamds were shielded to prevent them from picking up electronic
noise which had been a serious problem for a long time. 1In order to have

a time signal on the records a simple sine wave from a signal generator

- () -
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was fed into the oscilloscope and recorded immediately before each test
on the same picture that was used afterwards for the test records. The
frequency was carefully set agelnst the line frequency by forming Lissajous

figures. Of course, once the time signal was recorded the sweep vernier
had to be kept fixed.

In order to get only one sweep of the two beams over the screen at
& predetermined time, a triggering system had to be designed. The two
traces could be released by shorting the trigger input of the oscillo-
scope to ground. The ground signal was obtalned over the fifth brush at
the contact wheel which was only possible when the circultry of the
synchrondzation mechanism was closed.
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EQUIPMENT FCR SETTING AND MEASURING SYMMETRY AND ECCENTRICITY OF
COLLUMNS '

1. COLUMN STRAIN GAGE CIRCUITRY

On the wider sides of each column three strain gages, two at the
sixth points and one at the midpoint were provided. Straln gages of the
type BIH SR - 4 and Shinkoh Type S11 were used. Inserted in various
ways into the circultry they served a triple purpose:

(a) to check the symmetry

(b) t0 measure the average straln in.order to determine the
epplied load; and

(¢} to measure the midpoint bending strain.

For the strain gage circuitry to serve the triple purpose a special
switch box shown in Fig. lla had to be designed with controls having |
-three positions. To facllitate the understanding of Fig. lla the |
circuitry has been redrawn in Fig. 11b 1in a simplified form for each

of the three connections.

2. INSTRUMENTATION

Nearly all the c hecks and measurements werc made with a BIH SR - &4
Type N Strain Indicator, which was adequately sensitive and which re-
placed an older system buillt of a strain gage power supply, an amplifier,

a Wheatstone - bridge and some reading instrument.

- & -
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IV. TESTING OF COTLUMNS

1. PREPARATION OF THE COLUMNS; MATERIAL CONSTANTS

All the columns were carefully machined in a milling machine as
follows: for the preliminary test series only the ends, and for the
main test series the wider sides also. Smooth ends were necessary in
order to have proper contact between the column and the end pieces.
Moreover, the experiments showed that results from columns machined
on the wider sides were more consistent than thcse obtained with columns

that were not machined in this manner.

The material of the columns was an extruded aluminum alloy with
the designation ALCOA 2024k - T4. The following data are teken from
"Metals Handbook", 8th edition:

Ultimate strength 68,000 1b/1n.2
Yield strength k7,000 lb/in.2
Modulus of elasticity 10.6 x 10 1b/in.2
Poisson's ratio 0.33

Velocity of sound 199 x 10% in./sec

2. SETTING AND MEASURING SYMMETRY AND ECCENTRICITY

The procedure of setting the columns was as follows: The end
pileces were first rigidly screwed onto the columns under a light load
so that no gap between column and end pieces was possible. All sub-
sequent adjustments and measurements were made in the test machine.
First it was lnsured that with the circuitry set for symmetry check
the reading of the strain Indicator was zero, when this was accomplished
1t was said that the column was symmetric. The symmetry check had to
be repeated after each screw adjustment. By means of a Southwell plot
the eccentricity could be determined and adjusted. The Southwell plot
was based on the readings obtained when the circuitry was set for
measuring load and midpoint bending strain, respectively. These pro-
ceduree were extremely tedious, the more so the smaller the eccentricity
wvas. Nevertheless they had to be carried out as accurately as possible
because of the importance of the eccentricity. The columns were left
in the machine until the test was over so as not to disturb the final

setiing. -9 .

8]



3. GENERAL TEST PROCEDURE

After the column had been adjusted for symmetry and its final eccen-
tricity measured, it was kept in place by & small load of approximately
6 1bs exerted by the transducer spring until the actual test took place.
All the electronic instrumentation had been switched on at least half an
hour before so that there would be no drift. The bottom plece was raised
as high as possible without exceeding the spring load of the transducer.
It was then very rigldly clamped in that position. Subsequently the time
slgnal was recorded, all the leads connected for the actual test and the
instrumentation and machine checked and serviced thoroughly. This in-
cluded among other thinges checking space.- position, lubrication of
plunger-spacer assembly, cleaning contact wheel and greasing the flywheel
cam. The voltage of the bat%ery supplies for the various strain gage
circuits was checked right before and right after each test and when
necessary adjusted by a potentiometer. Finally the motor was started;
when full speed was attained the operator threw a ready-button, opened
the shutter of the camera, pressed down the load-button and the actual
test took place. Oubsequently “he shutter of the camera was closed, the
power for the electric motor interrupted and the machine stopped by &
built-in automobile brake.

L, CALIBRATION OF THE IOAD TRANSDUCER, THE DEFLECTION CANTILEVER AND
MIDPOINT BENDING STRAIN

Calibrations for the load transducer were made before the preliminary
tests and both before and after the two main Test Series using a universal
hydraulic test machine and all the standard equipment used later for the
dynamic tests. Two calibration curves are shown in Fig. 12 for two ampli-

fier attenuator settings.

The calibration of the deflection cantilever was made first in a
special jig carrying the cantilever unit and allowing easy access for the
measurements. Later the necessary readings were taken in the machine
itself using a carefully mounted dial gage so that the calibration would
be more reliable. The calibration curve (Fig. 13) is linear up to about
30 xllO‘S in. Buckling usually took place at a lower value so that on
the test records a straight line up to the displacement corresponding
to Ppax could theoretically be expected.

- 10 -




For the celibration of the midpoint bending strain the readings on the
BIH SR-4 Strain Indicator were simply compared with the readings of the
oscilloscope. Three curves were taken for different settings of the,

amplifier attenuator (Fig. 15).

The recorded sine wave serving as & time signal allowed the determina-
tion of the time scale: 1 subdivision of the oscilloscope screen cor-

responded to 0.404 msec.

5. PRELIMINARY TEST SERTIES

Preliminary tests were made in order to detect any possible deficilen-

ciles of thetest machine and to get some experilence in running the tests.

In a first preliminary series, load and head displacement were re-
corded. It was intended to investigate among other things the consis-
tency of results obtained with three columns of 8.5 in. length and approx.
0,01 eccentricity, three columns of 7.5 in. length and approx. 0.005
eccentricity and three columns of 6.5 in. length and spprox. 0.06 eccen-
tricity. Only the end faces of the columns were machined. In order to
avold electronic noise originating in the motor the machine was first
run at full speed, the power disconnected and the column loaded at a
speed close to its maximum. Thus the speed was comparable with that of

the later tests in which the power was kept on.

The analysis of the photographic records gave the head displacement
®, and thus the head velocity ¢ and the maximum load Ppgy . The
dynamic similarity number 2 as a function of c¢ and column length L
was taken from Fig. 21. The Euler load PE from Table 1 together with
Puax 1ed to the load factor Opgyx . The eccentricity e had been
obtained earlier by means of & Southwell plot; together with Q it
allowed the determination of the theoretlcal load factor Opaxth from
Fig. 18 which is a careful reproduction of Fig. 5 of Ref. (3). The re-
sults obtained as shown in Fig. 18 and Table 2 seem to be in fairly good
agreement with theory. No higher consistency was to be expected becsuse
the machine was not run at exactly the same speed 1in each test. Even
when movement of the bottom (to be discussed later) was taken into

account, the experimental results were glightly low for unknown reasons.
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An interesting feature of the displacement curve was noticed. It
consisted of two portions, one ranging from the start of loading up to
buckling, the other with higher velocity from buckling to the maximum
cam displacement. Apparently the machine was slowed down during the
buckling process. The change of slope however could be partiaslly due
to elasticity of the plunger-spacer system and the flywheel bearings,
but these were estimated to be negligibly smell in comparison with the
change observed. The change of slope was therefore taken to be due to
a reduction of speed. The energy absorbed by the column could not
account for this, but the cam friction could quite easily do so. Even
with a friction factor of 0.0l the work done would be many times that
absorbed by the column. One feature which has not been looked into is
the possibility of hydrodynamic action in the grease film between cam
and plunger. Such a film would have a thickness dependent on the load
and would appear as an elasticity of the system. It should be mentioned
that all recorded velocities were markedly lower than those which would
theoretically correspond to the measured flywheel speed. Whatever the
exact reasons for these partlcular features of the displacement curves,
the recorded displacements could be regarded as correct for the upper
column end. Thus whereas the movement of the upper column end was known
there were some doubts with respect to the movement of the lower end.

Subsequently measurements were made which clearly showed that for
the range of the maximum loads encountered in our tests there was a
displacement of the bottom piece equal to approximately 2.2 x 10=3 1in.
and varying slightly over the range of loads (see Fig. 14) . The vari-
ation was considered negligibly small with respect to the total head
displacement. The measurements were teken by means of the load trans-

ducer and a dial gage reading in lO'h in.

For the projected main tests it was intended to record load and
midpoint bending strain which would allow the determination of the
meximum strain at the inner midpoint of the column. As there was only
a dual-beam oscilloscope available, the recording of the head displace-
ment had to be abandoned. This could be done as it was intended to run
the future tests at constant maximum speed which also meant, at least

theoretically, at constant maximum head velocity. For verification,

- 19 -




poesible relations between actual head velocity and eccentricity and
column length had to be investigated. It turned out that eccentricity
did not affect the head velocity, column length however did.

Subsequently another preliminary test serles of ten columns was
made which clearly showed that the actual head velocity decreased slightly
with column length. Because of the relatively high scatter a straight
line was computed by the method of least squares that served as a basils
for the main test series (see Fig. 16 and Table 3) . In evaluating the
actual head velocity, the movement of the bottom was taken intc account.
For the two maln test series the head velocities given in Table 5 were
computed from the above mentioned line for the various column lengths.
The flywheel rotational speed and its theoretically related head velocity

were determined for comparison with the actual head velocity. The former

was measured by two different means:

(a) Motor speed and pulley drive ratio:

Motor speed 1860 rpm
Pulley ratio 1l:1.2
Thus the flywheel velocity N becomes: N = 2230 rpm

(b) Speed indicator: The number of rotations over one minute was
determined several times. On the average the same flywheel
velocity was obtained. Thus we have N = 2230 rpm

The relaetion to the column head velocity:

The cam extends over an_angle of £ = 60° and rises linearly
with @ up to 50 x 10-3 1in.

Then
o = Dex
Tt
max
where
-3
B = 50 x 10 in.
max
and
10
: = == secC
max N

This leads to the following formula:
¢c=5x10°N in./sec
or with the above value for N :

- 13 -
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Coax = 11.15 1n./sec

6. MAIN TEST SERIES

The general test procedure was described earlier. In the main
Test Series No. 1 ten columns were tested. Their length ranged from
6.25 to 8.50 in.; the end faces and the wider sides were machined and the
eccentricity was set as close as possible to e = 0.1 . In Test Series
No. 2 ten columns of the same kind were tested; however, the eccentricity
almed at was e = 0.01. As mentioned before, with these series besides
the load P the midpolnt bending strain Eb was recorded instead of the
head displacement.

The analysis of the osclllograms led to the maximum load Pp,, &nd
b * The Euler load PE taken from Table 1
together with Pmax gave the load factor amax . Head velocity ¢ from

the midpoint bending strain ¢

Table 5 and column length L allowed the determination of Q through
use of Fig. 21. The eccentriclity e , obtained previously from a
Southwell plot, and f led to the theoretical load factor Opg.¢y using
interpolation in Fig. 18. 1In order to get a comparative idea of the
agreement between experiment and theory amaxthﬁamax was computed (see
Tables 7 and 9) . The analysis of the bending strain curves was rather
difficult as they had very high slopes. Furthermore the time at which

P occurred was not always well determined. This explains the scatter

max

in the values of € . The mean compressive strain € = Pmax/EA was

easily computed from Pmax . The total strain ot at the inner mid-
point, the location of highest strain, was then given by € + €, - Of
course high scatter was to be expected for € because of ¢ (see

tot b
Tables 8 and 10} .

As the exper imental results for the load factor could be compared
with the Llheoretical ones given in Ref. (3), it became desirable to have
& similar check for the total inner midpoint strain. Steps were taken
to have them computed and recorded for the range of parameters of our
tests by a YUBA Analogue Computer of the Stanford Electrical Engineering
Department. For the computation of the total inner midpoint strain the

equation of motion of the column had to be changed into a simple form.

- 1h -




At the same tiwe the variables had to be chosen in a way that their order
of magnitude met the requirements of the computer to get the most accurate
results possible. The block dlagram used for the analogue computer is
shown in Fig. 26. As shown in the Appendix for the computation of etotth
it was necessary to compute the load factor «&. This was recorded at the
same time as and very good agreement was obtained with Fig. 5 of

Ref. (3).

€totth

Computer results for ¢ are glven in Table LI and are plotted

totth
versus  in Fig. 17. This figure served as a basis for Table 6 Lsed

for the main Test Series. Filgure 25 shows a typical computer record.

T+ RESULTS AND ERROR EVAILUATION

The experimental and theoretical results for the load factor were
plotted and connected by straight lines in Fig. 18 which was obtailned
by carefully redrawing Flg. 5 of Ref. (3). As can be seen from the fig-
ure, fairly good agreement was achieved between theory and experiment.
The experimental values are slightly low for unknown reasons. It might
be conjectured that there was an influence of plasticity, but as the max-
imum strains were not much different from the yield 1imit no definite con-
clusion can be drawn. As to the scatter, no higher accuracy can be ex-
Pected in such tests. This is clearly shown by the error evaluation

given below.

For the total inner midpoint strain the experimental and theoretical
results, the latter as given by the computer, are plotted and connected
by straight lines in Figs. 19 and 20. Despite the high scatter for which
reasons were glven above, sufficlently good agreement was obtained, be-

tween theory and experiment.

As it 18 interesting to know what accuracy can be expected from
such experimental investigations and how reliable are the results, a
rough error evaluation was made and is presented here. The errors in
the values of amax and € ot have different sources like head velocity
scatter, eccentricity repeatability, errors in reading oscillograms,
errors of calibration and reproduced charts, errors in reading and in-
terpolating charts, and to a smaller extent variations in strain gage
power supply and electronic noise.

- 15 -




Only the results of the two main Test Series are considered and the
nmean value of L 1is taken as 3.375 in. and that of ¢ as T7.69 in./%ec

The following error sources were assumed:

Test Series No. 1 No. 2
For head velocity scatter
(see Fig. 16) 0.8 +0.8 in./sec
For eccentricity repeatability +0C.00k +0.001
or 4,09 +10.0 %
The errors in the values of and € due to these error sources
max tot

were determined through use of Figs. 17 and 18 and were found to be:

Test Series No. 1 No. 2

For the load factor 8.5 ¢ +9.5 %

For the total inner midpoint +h.0 % 6.0 %

strain
In evaluating the error in the calculated value of Etot the error in
the value of € (assumed to be the same as that in the value of amax)
was taken into account in proportion to its contribution to etot . For

the complete analysis (errors in reading oscillogramse, errors of calibra-
tion and reproduction of charts, errors in reading and interpolating

charts) the following errors as percentages were evaluated:

Test Series No. 1 No. 2
For the loed factor 2.0 % 3.0 %
For the total inner midpoint

strain +16.5 % +16.5 %

Introduction of an error due to varilation of strain gage power supply
and electronic noise of *0.5 % results in the following total errors

a8 percentages;:

Test Series No. 1 No. 2
For the load factor +11.0 % +13.0 %
For the total inner midpoint

strain +21.0 % 23,0 %

It can be verified that all the experimental results lie in the quoted

error range. - 16 -
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V. CONCLUSIONS

As shown by the test results, the maximum strains attained (see
Figs. 19 and 20) were very close to the yield limit of the material of
the column and partly in the plastic region which was the goal of the
investigation. The results have also shown that, in principle, there
are two means to get still further Into the plastic range: one is to
decrease the eccentricity which is difficult to do and would be at the
expense of accuracy, and the other to increase the dynamic similarity
nunber. This could be achleved elther by decreasing the slenderness
ratio, which would reduce the dynamic influence and increase the load
beyond the capacity of the machine, or by increasing the head velocity,
which is limited by the performance of the testing machine. As to the
testing machine it was found that 1t could hardly be improved further
beyond the final state in which it was used in the present experiments.
For future tests a more rigid and better balanced, slightly bigger machine
(to permit a more accurate adjustment of the columns) with a higher number
of revolutions should be used. Another means by which to get further
into the plastic range would be to select a material with a lower yield
limit.

- 17 -
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APPENDTX
ANALOGUE COMPUTER ANALYSIS

The equation of motion in terms of a non-dimensional displacement
f and a non-dimensional displacement ¢ 1s given in Appendix II of
Ref. (2) (Bq. 75, p. 39) as follows:

2

af . q [(1-8)f-¢e+ 1 f‘3 -3 eef] =0 (1)
2 T N
ag
With the substitutions
f=ay and ¢ = bx (2)

the differentilal equation of motion can be given as:

2 1 ﬁ; 2 2
__Idz-szbs x - -ﬁ—by2y=eﬂ'b- (3)
ax b a8

At this point the values of & and b can still be chosen arbitrarily.
Since the computer voltage range was from O to 100 V , a suitable

value for b was taken to be such that

82
1 - ==
I
= i
—L - ()
Then
82
1 -
T o
b=t o C (5)
and from Eq. (2) .
1.8
T 2
E=——x=C"x (6)

where

¥




When this value of b 1s inserted in the bracketed expression of Eg. (3)
it leads to the equation

2 2 2
i—%-ﬂbs (x-lO)—-——Sj'-—é—yEy=eQ%— (8)
dx e
2(1-':')

Now a value for the coefficient of y2 involving a in the brackets

can be chosen in order tc¢ determine a . Take

(9)

Then
(10)
and from Eq. (2)
(11)
When this value of a is inserted in Eq. (8) the result is
3 2
o o2 5/
——ng LW 0 10 el -—-—l-r
5 - x - 10-95% Y =°2\"7% e &
dx¢ 10 /
L - -
y Cilx =10 - &5}y + €, (12)
where
3
e2
Lo 6
C. = Q=C Q 13
1 = (13)
o
2
1- 1 3
C = e=5C"eq (1h)

—~—




and where the prime indicates differentiation with respect to x . The
initial conditlons are at t = ¢ =x = 0 :

f=e and -— =0

[l

Tt follows from Eq. (11) that at this time

2
1 1- %‘
= = =L
e =3 T y(0) 5 y(0)
s0 that
5e Se
y(0) = -====i:5 iy (15)
L-F
10
Also, from Eq. (2) :
y'(0) =0 (16)

The load factor Q can now be determined by using the following formula
from Appendix II of Ref. (2) (Eq. 76, p. 39):

@=t - (17)

Wlth the above substitutions the following equation is obtained:

82 82
SV tiale s PSR B el A -
10 L ~ T00\| 10 y
2
- R AV
a = -—16—-)x-10-100+l (18)
/ %
or
r
a=03(x-1o-loo>+1 (19)
where
2
-3
2
Cs" 10 =C (20)

- 20 -




The totel inner midpoint strain is given by the following formuls

€
tot
(compressive load, stress and strain considered positive):

¢, =2 _4X¥h (e1)

where all symbols are defined in the Notation. Y(X) 1s assumed to be of
the following form:

Y(X) = o(f - e) &in (7%) (22)
Its second derivative is:

Y00 < - ole - e) (I stn () (23)

Thus equation (20) can be expressed as I

P
gy o hl
ot “TEE. *T2 (F-e) 35 (24)
s
D
where
w7 5D
- = — s =
p
and
£
E
Finally the following simple form 1s obtained:
€ot = Sgl® = W3 (£ - e)] (25)

Because of Eqs. (11) and (18) Eq. (25) becomes:
27

el , Ao
tot - “E| T 10 é"lo'loo>+l+1/§§ oY - e (26)

&4




In a simpler form this can be given as

Pl
Cy Ctot ™ [%5<x - 10 - 100) t G +4f5 (y - yoi}
where
5 5
c, e
‘B
C5 = 5C
C6=

In the above formulas the only parameters are the eccentricity e
dynamic similarity number € (as a function of head velocity c
slenderness ratio s) and the Euler strailn € (as a function of

alone).

The arrangement of the computer to analyse these equations 1s shown

in Fig. 26 as a block diagram.

rD
rd

(27)

(28)

(29)

(30)

, the
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(iﬁ.) s = L/p fgr fgr PE )

¢ = 3.16 in./fsec e = 10 in./sec (1v)
8.50 117.3 14,42 1.4h2 922
8.25 113.9 17.22 1.722 991
8.00 110.4 20,74 2,07k 1055
7.75 107.0 25.03 2.503 1123
7.50 103.5 30.59 3.059 1199
7.25 100,1 37.35 3.735 1283
7.00 96 .6 h& .20 L 620 1377
6.75 93.2 57.27 5.727 1480
6.50 89.7 72.11 7.211 1597
6.25 86.3 90.97 9.097 1726

Table 1. Slenderness Ratio, Dynamic Similarity Number ahd Euler load
for 1/2 x 1/b in. Columns.
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2 (L-T)(c-c)

Test L e L-L c-c (L-T.) o
No. (in.) (in./sec) (in.) (in./sec) (1n.2) (1n.“/sec)
1 8.50 7.70 1.125 0.013 1.2656 0.01k6
2 8.25 9.05 0.875 1.363 0.7656 1.1926
3 8.00 8.32 0.625 0.633 0.3906 0.3956
L T+75 7.33 0.375 -0.357 0.1406 -0.0134
5 T.50 8.13 0.125 0.4b3 0.0156 0.055h
6 T.25 7.71 -0.125 0.023 0.0156 -0.0029
T 7.00 7.53 -0.375 -0.157 0.1406 0.0589
8 6.75 6.76 -0.625 -0.927 0.3906 0.5794
9 6.50 6.83 -0.875 -0.857 0.7656 0.7h99
10 6.25 7.51 -1.125 -0.177 1.2656 0.1991
Center of measured points: ¢ = 7.687 in./sec
T = 7.375 in.

Slope of the straight line:

m = Zﬂ’il%‘il = 0.6306

£(L-T)

Table 3. Computation of the Column Head Velocity as a Linear Function of
Column Length from Second Preliminary Test Series.
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3 3

o €tottn X 10 €tottn * 19
for e = 0.1 for e = 0.0L
1.19 3.35 3.65
1.k2 3.1 3.73
1.71 3.43 3.80
2.07 3.49 3.86
2.53 3.60 3.95
3.09 3.55 3.98
3.82 3.68 4,10
L.,73 3.80 h.o7
297 3.72 h.23
T.52 3.77 .26
9.61 h.o1 h,33
12.73 L.o5 4,50

Table 4. Computer Results for the Total Inner Midpoint Strain.
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Test

oot T x 10° €, X 10 €, X 10 €y X 10
1.1 1.69 2.28 3.97 3.h6
1.2 1.52 2.82 .3k 3.52
1.3 1.59 1.66 3.25 3.59
1.4 1.65 2.32 3.97 3.66
1.5 1.48 1.97 3.45 3.72
1.6 1.57 1.97 3.54 3.80
1.7 1.52 2.43 3.95 3.87
1.8 1.52 2.35 3.87 3.94
1.9 1.62 2.05 3.67 4.03
1.10 1.7h 2.95 L .69 h.11

Table 8. Results of Main Test Series No. 1
for the Total Inner Midpoint Strain,
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T;?:‘ T x 10° €, X 10° € ot X 10° € ottn ¥ 10°
2.1 2.21 1.97 4,18 3.82
2.2 2.39 1.86 4,25 3.89
2.3 2.4 1.11 3.52 3.96
2.b 2.25 1.35 3.60 4,03
2.5 2.05 1.83 3.88 h.11
2.0 2.4 1.63 L, ok 4.18
2.7 2.73 2.43 5.16 k.26
2.8 2.42 2.50 k.92 b4.34
2.9 2.5 2.32 h.77 443
2.10 2.46 2.8k 5.30 4,53

Table 10. Results of Main Test Seriles No. 2
for the Total Inner Midpoint Strain .
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FIG. 1la. COLUMN STRAIN GAGE CIRCUITRY.
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INPUT
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OUTPUT
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FIG. 11b, SIMPLIFIED COLUMN STRAIN GAGE CIRCUITRY (see Fig. 1lla).
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